Fungi and oomycetes that colonize living plant tissue form extensive interfaces with plant cells in which the cytoplasm of the microorganism is closely aligned with the host cytoplasm for an extended distance. In all cases, specialized biotrophic hyphae function to hijack host cellular processes across an interfacial zone consisting of a hyphal plasma membrane, a specialized interfacial matrix, and a plant-derived membrane. The interface is the site for active secretion by both players. This cross talk at the interface determines the winner in adversarial relationships and establishes the partnership in mutualistic relationships. Fungi and oomycetes secrete many specialized effector proteins for controlling the host, and they can stimulate remarkable cellular reorganization even in distant plant cells. Breakthroughs in live-cell imaging of fungal and oomycete encounter sites, including live-cell imaging of pathogens secreting fluorescently labeled effector proteins, have led to recent progress in understanding communication across the interface.
INTRODUCTION
Communication between plants and eukaryotic filamentous organisms, e.g., fungi and oomycetes, begins at, or even before, first contact. Conidia of various fungi release mucilage along with some enzymes onto host leaves (23, 91) . Pathogens sense and respond to chemical components or topographical features on plant surfaces (51, 74, 76) by forming infection structures, such as appressoria or hyphopodia (53) . Plants sense and respond to the formation of appressoria with cytoplasmic aggregations, cell wall appositions (papillae), and reorganization of the cytoskeleton beneath the appressorium (48, 72, 138) . Although papillae are a key component of penetration resistance against potential pathogens (6, 55) , papillae also form in susceptible interactions and envelop hyphae after penetration (35, 69, 70, 135) . After entry, plants recognize and respond to phytopathogens through extracellular pattern recognition receptors (PRRs), which detect broadly conserved molecular features of In planta infection structures, plasmolysis, and effector localization. (a) The appressorium (App) and an intracellular invasive hypha (IH) surrounded by extrainvasive hyphal membrane (EIHM). In Magnaporthe oryzae, the IH is sealed in an apoplastic compartment by a neckband (Nb)-like structure. Host nucleus (N), apoplastic effectors ( purple dots), and cytoplasmic effectors (red triangles) are shown. (b) Haustorium (HA) surrounded by an extrahaustorial membrane (EHM) modeled from rust fungi, which have a neckband sealing off an interfacial compartment. Haustorial shapes vary, and some pathogens lack neckbands. (c) Hyphopodium (Hp) and intracellular hypha of arbuscular mycorrhizal (AM) fungus surrounded by a perifungal membrane (Pfm) growing through a root cell prepenetration apparatus (PPA), which is enriched in the endoplasmic reticulum (ER). (d ) Arbuscule (Ab) of AM fungus surrounded with periarbuscular membrane (PAM) in inner cortical cells in the Glomeromycota-Medicago interaction. (e) Schematic drawing depicting M. oryzae-infected cells with secreted apoplastic ( purple dots) and cytoplasmic effectors (red triangles) before (left) and after (right) plasmolysis. Apoplastic effectors are retained in EIHMx (EIHM matrix compartment) and generally do not overflow to the bulk apoplast at successful M. oryzae infection sites, unlike for Colletotrichum higginsianum or U. maydis (28, 67) . The host cytoplasm forms a thin layer surrounding the vacuole after plasmolysis. Colors used in a-e: Fungal cytoplasm (light gray); fungal or oomycete cell wall (black); plant cell wall ( green); plant plasma membrane (orange); specialized interfacial membrane (blue); apoplast (white); cytoplasm (light orange); PPA (shaded yellow). ( f ) Images of an M. oryzae infection site with IH secreting cytoplasmic avirulence effector Pwl2 (red ) with a C-terminal fusion of tdTomato (a tandem-dimer of monomeric red fluorescent protein) and apoplastic effector Bas4 ( green) with a C-terminal fusion of green fluorescent protein (GFP) inside a plasmolyzed rice sheath epidermal cell. Pwl2:tdTomato accumulates in the rice cytoplasm surrounding the dark rice vacuole ( plus sign), and Bas4:GFP accumulates in the EIHMx. Large plasmolysis-induced gaps between the plant cell wall and plasma membrane confirm that Bas4:GFP is not present in the bulk apoplast (asterisk). Because of long exposure, some green and red autofluorescence is visible in the rice cell wall. Abbreviations: EGFP, enhanced green fluorescent protein. Reprinted in part from Reference 66. Copyright American Society of Plant Biologists (http://www.plantcell.org).
pathogens called microbe-associated molecular patterns (MAMPs) (6) . Plant-associated fungi and oomycetes range from obligate biotrophs, which complete their life cycles in association with living host cells and cannot be maintained axenically outside the plant, through necrotrophs, which kill host cells before colonizing them and usually can freely exist outside of plants (95) . Hemibiotrophs have an intermediate lifestyle, initially growing as biotrophs and later switching to grow as necrotrophs. Biotrophic plant cell colonization is accomplished by specialized biotrophic hyphae (Figure 1a-d ), such as terminal feeding structures (haustorium or mychorrhizal arbuscule) inside the plant cell (12, 13, 64, 106) , and intracellular invasive hyphae (IHs), which grow from one host cell to the next (66, 92) . Biotrophy-specific hyphal cells play important roles in trafficking effectors into the host cells and in gaining nutrition from the host (133) . Although detailed structures of various interfacial zones differ, the general theme is conserved.
That is, this interface is composed of a plantderived membrane [the extrahaustorial membrane (EHM) or the extrainvasive hyphal membrane (EIHM)] separated from the pathogen's cell wall by a matrix [the extrahaustorial matrix (EHMx) or the extrainvasive hyphal matrix (EIHMx)]. Depending on the pathosystem, the interfacial matrix is either continuous with the bulk host apoplast or separated into an interfacial apoplastic compartment by a neckband (Figure 1b,e) . The interfacial membrane in diverse systems varies from an apparently undifferentiated plant plasma membrane to a highly specialized membrane with unique components and various complex elaborations (4, 86) . Vesicles and even multivesicular bodies (MVB) are abundant in both host and pathogen cytoplasm near the interface, suggesting both partners are involved in active secretion across the interfacial zone (4, 82, 85) .
The Special Language of Effectors
Effectors are a major means by which pathogens communicate with host plants. Generally, effectors are small secreted proteins that often lack similarity to known proteins. Most effectors are of restricted phylogenetic distribution (12, 52, 105) and are specifically expressed during biotrophic invasion while remaining suppressed in vitro and during other developmental stages (12, 24, 67, 88, 105, 139) . (20, 37) . The stories for oomycete and fungal effectors have unfolded differently because oomycete effectors share common amino acid motifs that closely follow the signal peptide. The best-studied motifs are RXLR (also called RXLR-dEER motif ) and Crinkler (also called CRN or LXLFLAK motif ). Both motifs function as translocation signals for their class of cytoplasmic effectors (12, 57, 58, 105, 136) . Bioinformatic identification of proteins that contain these motifs, especially together with knowledge of biotrophy-specific expression, has aided identification of new oomycete effectors. For the fungi, powdery mildew effectors have a very short N-terminal Y/F/WxC motif (43) , although this motif has not been functionally characterized. No conserved translocation motif has been identified for fungal effectors, and their identification has been focused on biotrophy-specific expression (105, 129) .
In this review, we focus on the cellular and molecular biology of fungal and oomycete encounter sites in plant tissue and on the current understanding of the molecular cross talk associated with these encounters. These organisms dramatically reorganize host cellular structure and metabolism for their own benefit, sometimes at a distance from the interface. Live-cell imaging of fluorescent fusion proteins, e.g., various versions of the green fluorescent protein (GFP) and the monomeric red fluorescent protein (mRFP), has revealed biotrophic invasion strategies and effector dynamics for pathogens and symbionts amenable to genetic transformation. Tools for tracking effectors in planta include immunocytolocalizations at both the light and electron microscopy levels. We focus here on insights from analyses of biotrophic interfaces. Other reviews of interest focus on identifying effector functions and targets in host plants, on pathogen-independent effector translocation mechanisms, and on effectoromics approaches for identification of corresponding resistance genes (12, 24, 47, 105, 121, 132) .
HEMIBIOTROPHIC PLANT PATHOGENS
Hemibiotrophic pathogens initiate biotrophic infection and then switch to necrotrophy, although duration of the biotrophic phase varies from single cells to many cells in different pathosystems (61, 87, 92) . Generally, hemibiotrophic fungi and oomycetes grow in an axenic culture and are amenable to molecular genetic manipulation, including transformation, which facilitates engineering of strains to express fluorescent fusion proteins as well as gene replacement strategies for testing phenotypes.
Genome sequences are available for hemibiotrophic fungi, including M. oryzae (22) , Colletotrichum graminicola (92) , and Colletotrichum higginsianum (92) . These genomes are 39 Mb (∼11,109 genes), 57.5 Mb (∼12,006 genes), and 53.4 Mb (∼15,331 genes), respectively, and are typical for filamentous haploid ascomycetes. Genomes of the oomycetes Phytophthora infestans and Phytophthora sojae are ∼240 Mb (∼17,979 genes) and 95 Mb (∼16,988 genes), respectively (45, 103) . The P. infestans genome has been expanded to contain 74% repetitive DNA (104) . Pathogen genomes are enriched in genes for candidate effectors, which are small secreted protein genes preferentially expressed during biotrophy, and genes for plant cell wall-degrading enzymes that are preferentially expressed during necrotrophic growth. The M. oryzae and Colletotrichum genomes are enriched in genes associated with secondary metabolism, many of which are differentially expressed in appressoria and biotrophic hyphae, suggesting Pore wall overlay: a bilayer fungal wall structure that is laid down over the appressorium pore before penetration functions during penetration and biotrophic invasion (92) . In M. oryzae, two examples of metabolite effectors are pyrichalasin H, which is a cytochalasin-like molecule produced by the fungus (127) , and the presumed Ace1 AVR effector (20, 37) .
Infection-related development in hemibiotrophic fungal pathogens can be studied on artificial substrates that mimic host features. For example, conidia from M. oryzae and C. higginsianum germinate on cellophane and form appressoria that penetrate and produce biotrophic IH-like structures inside the membrane (11, 66, 67) . Studies of infectionrelated development on artificial surfaces have provided important information on these hostpathogen interactions (94, 76, 118) . However, many in planta-induced genes, including effectors, are not expressed on artificial surfaces, suggesting that plant signals are required for their induction (11, 60, 66, 67) . In planta studies remain a critical complement to in vitro studies.
Magnaporthe oryzae
The blast fungus continues as a serious pathogen of rice, wheat, and other cereal crops (125, 137) . Appressorium development and function have been well studied in M. oryzae (21, 32, 54, 74, 118) . Germ tubes that emerge from conidia sense the leaf surface and begin differentiating appressoria within 4 h (11, 76) . As the appressorium develops (Figure 2a-c) , a layer of dihydroxynaphthalene-derived melanin is deposited between the fungal plasma membrane and the cell wall (Figure 2a) . This specialized wall layer functions to block the efflux of solutes larger than water from the appressorium, which enables buildup of extremely high turgor pressure for physical penetration of the cuticle. As the appressorium develops, the appressorial wall adjacent to the cuticle thins and eventually disappears to form an appressorium pore (Figure 2b) that lacks both the cell wall and melanin layers (11, 54) . This wall-less pore region, which is approximately 4.5 micrometers in diameter, is sealed against the cuticle by a pore ring that surrounds the pore's perimeter (Figure 2b,c) (54) . An abundance of vesicles at this appressorium-cuticle interface suggests the pore is a site for active fungal secretion during ∼12 h of quiescence time before penetration. A bilayered pore wall overlay is laid down over the appressorium pore shortly before emergence of the penetration peg (11) . The innermost, electron-dense layer of the pore wall overlay is continuous with the peg wall and is differentiated from the other wall layer by binding wheat germ agglutinin (WGA) and concanavalin (ConA) (Figure 2c) . It has been suggested that the appressorium pore serves as a window for communication with the underlying host cell before perforation (54) .
Genes that are specifically expressed in appressoria provide candidate effectors and signal molecules that might be delivered before and during appressorial penetration. One striking example of penetration-specific gene expression involves the blast AVR effector gene ACE1, which encodes a cytoplasmic enzyme, a hybrid polyketide synthase fused to a nonribosomal peptide synthetase (PKS-NRPS). The Ace1 protein probably functions in biosynthesis of a secondary metabolite molecule that is the actual effector recognized by rice resistance gene Pi33, although this molecule has not yet been identified (8) . ACE1 expression is tightly controlled to correspond to the onset of appressorium-mediated penetration of the host cuticle (20, 37) . That is, ACE1 shows a narrow window of expression approximately 17 h post-inoculation (hpi). Expression of ACE1 was not dependent on turgor pressure buildup inside the appressorium, on cAMP signaling, or on recognition of the host. ACE1 is located in a secondary metabolism-related gene cluster of 15 coordinately regulated genes (20) . This tightly regulated expression of ACE1 cluster genes and other secondary metabolism genes suggests a role for secondary metabolites during penetration.
Once the fungus has breached the outer plant surface, it begins an extended period of biotrophic invasion of successive host cells. Invaded rice cells plasmolyze as IHs colonize them, but no longer plasmolyze when the fungus moves into neighboring rice cells. In this form of hemibiotrophy, necrotrophic growth appears to be triggered at four to five days post-inoculation, when macroscopic lesions appear. The optically clear inner epidermal layer in rice leaf sheaths is ideal for live-cell imaging of individual encounter sites during biotrophic invasion (61, 71) . First, appressorial penetration pegs differentiate into tubular primary hyphae that invaginate the rice plasma membrane. At susceptible sites, primary hyphae differentiate into pseudohyphal-like IHs with larger diameters as well as constrictions at the septa, producing a bulbous, bead-like appearance (49) . Bulbous IHs are enclosed in EIHM (61, 66, 88) . As visualized by transmission electron microscopy (TEM) of infected tissues prepared by high pressure freezing and freeze substitution (HPF-FS) (10, 83) 
Plasmolysis:
shrinkage of the protoplast away from the plant cell wall as a result of the loss of water through osmosis BIC: biotrophic interfacial complex in close contact with the IH cell wall (61) . However, the EIHM sometimes exhibits fibrillar, electron-transparent, or electron-opaque elaborations (Figure 3a ) as well as rare areas that enclose complex membranous material (61) . On the basis of three lines of evidence, the rice blast EIHM appears to be sealed by a neckband-like structure to produce an enclosed apoplastic compartment around the IH. First, during plasmolysis (Figure 1e , f ), the rice plasma membrane always shrinks around the IH, suggesting its attachment to the primary hypha near its point of cell entry (61, 71) . Second, all IH membranes are protected from insertion by the endocytotic tracker dye FM4-64, which stains rice membranes, including the EIHM (61). Third, secreted apoplastic effectors generally outline IH without backing up into the adjacent rice cell wall (Figures 1f and 2e ) (66, 81, 88) . During live-cell imaging, unsuccessful infection sites (indicated by cellular disorganization and discoloration) occur even in compatible interactions (49, 66, 88) . At these infection sites, FM4-64 does stain fungal membranes, and apoplastic effectors are generally distributed in the rice cell, presumably spilled from disrupted EIHM. Indicators of successful infection sites include plasmolysis of the invaded rice cell, confirming the host plasma membrane is intact (Figure 1e , f ), and uniform outlining of the IH by fluorescent apoplastic effectors, confirming the EIHM is intact (66, 88) . Live-cell microscopy of M. oryzae transformants expressing fluorescently labeled effectors has allowed tracking of secreted effectors during natural infection (129) . Known AVR effectors, such as Avr-Pita and Pwl2, as well as many biotrophy-associated secreted (Bas) proteins accumulate in a novel structure called the biotrophic interfacial complex (BIC) when these genes are expressed with their native promoters ( Ultrastructure of pathogenic fungal-and oomycete-plant interfaces. All images were obtained by transmission electron microscopy of infected tissue prepared by high pressure freezing and freeze substitution, which provides superior membrane preservation (10, 83) . known AVR effector AvrPiz-t (which is recognized by rice resistance protein Piz-t and targets a RING E3 ubiquitin ligase in a virulence function to suppress MAMP immunity) also localizes to BICs (96) . In contrast, apoplastic effectors Bas4 and Slp1 (the LysM effector that binds chitin oligosaccharides) competes with chitin elicitor binding protein, which is a rice PRR, and suppresses chitininduced immunity) accumulate throughout the EIHM compartment, outlining the entire IH (81, 88) . BICs were initially identified as membranous caps at the tips of primary hyphae and the filamentous IHs that crossed to neighboring cells (Figure 2d, f ) . BICs remain behind beside the first bulbous IH cell after differentiation (Figure 2e) , and fluorescence recovery after photobleaching (FRAP) analysis confirms that fluorescent effectors continue to accumulate in the BICs while the bulbous IHs grow elsewhere in the rice cell (66, 99) . For rice blast disease, the BIC-associated cells (the primary hypha and first-differentiated bulbous IH cell) may be functionally analogous to haustoria. Interestingly, the native effector promoter is reported to play a role in determining effector protein localization (66; C.H.
Khang & B. Valent, unpublished data).
Recent results suggest that M. oryzae has distinct pathways for secreting cytoplasmic and apoplastic effectors (42) . Secretion of apoplastic effectors was blocked by treatment of infected tissue with Brefeldin A, a chemical inhibitor of conventional golgi-mediated secretion pathways in fungi. However, secretion of cytoplasmic effectors continued in the presence of Brefeldin A. Gene replacement analysis of two components of the exocyst complex, which plays a role in tethering vesicles to target membranes before fusion, impaired secretion of cytoplasmic effectors without impacting secretion of apoplastic effectors. This analysis indicated that the exocyst is required for efficient secretion of cytoplasmic effectors into BICs but not for efficient secretion of apoplastic effectors. Thus, it appears that M. oryzae has evolved distinct secretion systems to target effectors to different host compartments.
Some blast effectors that accumulate in BICs are translocated into the rice cytoplasm (Figures 1f and 2e, f ) (66) . Direct visualization of translocation of fluorescently labeled effector proteins to the host cytoplasm has been aided by plasmolysis of invaded cells, which concentrates the thin layer of rice cytoplasm around the shrunken vacuole and away from the rice cell wall (Figure 1e, f ) . Plasmolysis enlarges the plant apoplastic space, clearly differentiating cytoplasmic and apoplastic effectors. Alternatively, sensitive visualization of translocation has been achieved by addition of a nuclear localization signal (NLS) to the fusion protein, which concentrates translocated protein in the rice nucleus (Figure 2e) . Using one or both of these assays, translocation of effectors Pwl2, Bas1, and AvrPiz-t and additional Bas proteins has been demonstrated (66; 96; M. Yi & B. Valent, unpublished data). The AVR effector AVR1-CO39 was recently shown to localize outlining IHs in rice cells when expressed using the constitutive ribosomal protein P27 promoter, and this effector was reported to be translocated into the rice cytoplasm (107) . The reported nonBIC localization pattern for AVR1-CO39 is consistent with its expression from a constitutive promoter rather than the native promoter. Although this study reports an exception to the correlation between BIC accumulation and translocation into the rice cell, their interpretation of rice cytoplasmic localization for AVR1-CO39 differs from other studies (66) , and translocation was not verified by plasmolysis.
After translocation into the rice cell, some effectors (Figure 2f ) accumulate around hyphae at the point where they crossed the plant cell wall (88; M. Yi & B. Valent, unpublished data). Others moved into surrounding uninvaded cells up to three to four cells away from the invaded cell (Figure 2e) . Presumably, these effectors play a role in preparing host cells before pathogen entry (66) . Properties of cellto-cell effector movement ahead of the invading fungus, specifically fusion protein size and rice cell type, suggest that these effectors travel through plasmodesmata (66) . For example, cytoplasmic effector Pwl2:mCherry:NLS generally moved into uninvaded cells (Figure 2e) , but Pwl2 fused to the larger double-sized mRFP-dimer (tdTomato) rarely moved out of the invaded cell (Figure 1f ). This is consistent with an upper size exclusion limit on proteins that move through plasmodesmata. Live-cell imaging with the rice blast fungus confirmed the extreme degree of restriction that IHs undergo when moving across the plant wall and showed that IHs search for specific locations to cross the wall, suggesting that they seek out pit fields containing plasmodesmata for crossing (56, 61) . These results implicate plasmodesmata as a hitherto unknown interface for fungal plant pathogens.
Colletotrichum spp.
Approximately 600 species in the genus Colletotrichum (Sordariomycetes, Ascomycota) cause anthracnose diseases on dicots or monocots. The genomes of C. graminicola, a serious pathogen of maize (Zea mays), and C. higginsianum, a pathogen of crucifers, including A. thaliana, are enriched for genes encoding plant cell wall-degrading enzymes and secondary metabolism genes (92) . Similar to M. oryzae, Colletotrichum species produce melanized appressoria that penetrate the host surface using pressure and enzymes (92) . Appressoria in some Colletotrichum species form appressorial cones, which are funnel-shaped wall elaborations focused on the appressorium pore (67, 92, 135) . After penetration, biotrophy is established by bulbous primary hyphae that invaginate the host plasma membrane. For C. higginsianum, localized biotrophy is characterized by primary hyphae that establish in first-invaded cells and quickly differentiate into thin tubular necrotrophic secondary hyphae that kill and colonize neighboring cells. For C. graminicola, biotrophic invasion of new cells persists at the advancing colony margin. Necrotrophic hyphae develop later in the center of the colony and advance outwards, resulting in the overlapping of biotrophic and necrotrophic phases (87) .
Comprehensive transcriptional profiling studies have been reported for C. higginsianum, for which biotrophic and necrotrophic hyphal types are more easily separated (67) . Biotrophic hyphae were purified by fluorescence-activated cell sorting to compare gene expression by these hyphae to expression during other developmental stages in planta and in vitro (67, 122) . Interestingly, C. higginsianum shows highly orchestrated waves of expression of effector candidates (ChECs), suggesting that different effectors function in different invasion stages (67) . The ChECs were defined as secreted proteins that lack homologs outside the genus Colletotrichum or secreted proteins resembling characterized effectors from other fungi. Expression profiles were determined for a set of 17 biotrophy-associated ChECs using quantitative reverse transcriptase polymerase chain reaction with RNAs from different hyphal types in vitro and in planta. This analysis identified four waves of effector gene expression: (a) expressed in appressoria before penetration; (b) expressed in unpenetrated appressoria and in penetrated appressoria with biotrophic hyphae; (c) expressed in penetrated appressoria with biotrophic hyphae; (d ) expressed during the switch to necrotrophic growth. Most of these ChECs were specifically expressed in planta and not during axenic growth or differentiation on artificial surfaces. For in planta effector localization studies, the pathogen was engineered to express ChEC proteins with C-terminal mRFP fusions under control of their native promoters. Fluorescent effector proteins were localized in Arabidopsis cells using live-cell microscopy (Figure 2g-i) and TEM immunolocalization (67) . Two wave 2 effectors, ChEC36:mRFP and ChEC6, were focally secreted from appressorial penetration pores before penetration (Figure 2g) (67) . At this point, the plant was already responding to the presence of the pathogen by deposition of plant-derived cell wall pads beneath the appressoria. ChEC36:mRFP was not detected in association with biotrophic hyphae, suggesting it was only expressed through penetration. TEM analysis confirmed that the C. higginsianum penetration pore was surrounded by a pore wall overlay that was continuous with the wall of the penetration hypha. The ChECs were concentrated at this pore, which is ∼200 nanometers in diameter, highlighting this penetration site as a nanoscale interface for the focal delivery of ChECs. It is likely that many effectors are targeted to this pore for secretion because ChECs predominate among the most highly expressed appressorial genes, and the melanin layer present everywhere else around the appressorium prevents protein secretion.
Wave 3 effectors ChEC89:mRFP and ChEC34:mRFP, which are highly expressed during penetration and establishment of biotrophic hyphae, accumulated around the primary hyphal surface in randomly distributed fluorescent foci called interfacial bodies (Figure 2h) (67) . TEM and immunolocalization analyses further identified the ChEC34:mRFP-labeled foci as discrete pads of electron opaque material protruded from the hyphal surface. The host plasma membrane was in direct contact with the cell walls of biotrophic hyphae except at the interfacial bodies. These proteins did not label the surface of necrotrophic hyphae that subsequently emerged from the biotrophic hyphae (Figure 2i) . Diffusion of secreted ChEC89 and ChEC34 into the plant cell wall indicated that the interfacial matrix was continuous with the bulk host apoplast (67). Other ChEC:mRFP effectors showed more uniform hyphal outlining with fewer foci, reminiscent of the localization patterns for M. oryzae apoplastic effectors. None of the ChEC fluorescent proteins tested were translocated to the host cytoplasm.
In summary, studies of C. higginsianum-A. thaliana encounter sites in which biotrophic hyphae deliver effectors through the natural infection route showed that these hyphae deliver distinct sets of effectors at different infection stages, and highlighted the appressorial penetration pore as an active interface for effector secretion even before penetration (67) . Delivery of these effectors before penetration is consistent with the host plant responding before penetration by depositing cell wall material underneath the appressorium.
Phytophthora spp.
Phytophthora species are diploid oomycetes that cause serious diseases on diverse plants worldwide. Significant progress has been made in understanding the three major effector classes produced by Phytophthora species (12, 59) . The apoplastic effectors include plant glucanase and protease inhibitors that protect the pathogen from host degradative enzymes (59) . A class of cytoplasmic effectors, predicted by the presense of the RXLR translocation motif following the signal peptide, is conserved in the haustoriaforming oomycetes Phytophthora and the downy mildews (12, 57, 136) . The third class, predicted by the presence of the CRN translocation motif, includes host nuclear-localized, necrosisinducing effectors that appear conserved in all oomycetes (111, 120) . Research on how the RXLR effectors are translocated into host cells has focused on assays that are independent from pathogen infection, and conflicting results have been reported (12, 58, 105, 111, 128, 134) . Focusing on translocation across the natural Phytophthora-host interface should resolve these questions.
Many oomycete effectors function to suppress host defenses (12, 102, 132) . To further understand effector functions, oomycete researchers have expressed effectors directly in the plant (typically using Agrobacteriummediated transformation of tobacco) and observed effector localization in plant cells containing haustoria. A P. infestans CRN effector, CRN8, encodes a functional kinase, and it triggers host cell death by a mechanism dependent on its localization to the plant nucleus (111, 130) . Both apoplastic and RXLR cytoplasmic effectors inhibit C14 protease, a papain-like cysteine protease that functions in plant immunity (13) . Extracellular effectors EPIC1 and EPIC2 inactivate C14 protease in the apoplast, protecting intercellular hyphae. The RXLR effector AVRblb2, when expressed as a GFP fusion protein, shows focal association with the EHM, and it appears to inhibit secretion of C14 protease at this haustorial interface.
Live-cell imaging of fluorescent fusion proteins at the oomycete haustorial-plant interface has shown that the oomycete EHM is differentiated by exclusion of some plant plasma membrane proteins (77) . An aquaporin and a calcium ATPase, both integral membrane proteins, were absent in the EHMs of hemibiotrophic P. infestans and biotrophic Hyaloperonospora arabidopsidis. Membrane-associated proteins that lack a transmembrane domain, such as the Pen1 t-SNARE, synaptotagmin, and remorin, were still present. The MAMP receptor FLS2 was not localized in the EHM of P. infestans, but it was present in the EHM of H. arabidopsidis, suggesting selective exclusion of certain components, depending on the pathosystem (77) . On the basis of the absence of PRRs, such as FLS2 in the P. infestans EHM, active exclusion of the PRRs from the EHM was proposed as a pathogen tactic to avoid MAMP recognition (77) . The mechanism by which certain host integral membrane proteins are excluded from the EHM is not understood.
BIOTROPHIC PATHOGENS
Among the biotrophs, the nonobligate basidiomycete smut fungus Ustilago maydis stands out because of its amenability to molecular genetic manipulation and its small genome size (14, 24, 60) . Obligate biotrophs include the powdery mildews (Ascomycota), the rusts (Basidiomycota), and the downy mildews and white rusts (Oomycota). Obligate biotrophs cannot be maintained in pure culture outside their host plants, and routine genetic manipulation of the pathogen has not been possible. Genome sequencing has produced new insights on the nature of obligate biotrophy and has identified candidate effectors in the fungal powdery mildews (119) and rusts (31) and in the oomycete downy mildews (5) and white rusts (62, 63, 75) . One notable feature is that both fungal and oomycete obligate pathogens have expanded and diversified genes that encode putative secreted proteins, including many biotrophy-specific effector candidates. Another is that these diverse obligate pathogens have lost genes in key metabolic pathways, such as the nitrogen and sulfur assimilation pathways (31, 63, 75, 119) . The obligate biotrophs produce haustoria surrounded by the EHM and EHMx, but biochemical and ultrastructural differences have been documented for different pathosystems (Figure 3b,c,d, f ) . In rust genomes, plant cell wall-degrading enzymes occur in relatively smaller numbers compared with hemibiotrophic or necrotrophic pathogens and saprotrophs (31) . Another common theme is that biotrophic pathogens have a reduction in secreted enzymes that induce plant immune responses and an expansion of those that suppress immune responses (31, 79) .
Smuts
The smut fungi are basidiomycetes that mainly infect grasses, including maize, wheat, and sugar cane. The model smut U. maydis forms intracellular and intercellular hyphae to colonize and produce tumors in multiple maize tissues (14, 24) . The U. maydis genome is relatively small at 20.5 Mb and ∼6,902 genes (60). Uniquely among filamentous phytopathogens, most U. maydis effector genes occur in coordinately expressed gene clusters, and deletion of whole gene clusters or of some individual genes reduces virulence on maize. This property helps to identify U. maydis effectors, even though they lack conserved motifs. Some candidate effector genes showed maize organ tissue-specific expression and were linked to the organ-specific tumor formation (117) . This led to the concept of core effectors, which generally suppress plant defenses during penetration, and organ specific effectors for infecting different plant tissues. So far, core effectors have been characterized. The gene that encodes apoplastic effector Pep1 was not expressed during axenic growth or before penetration but was induced during penetration (28) . The fluorescently labeled Pep1 protein localized in the apoplast, as confirmed by plasmolysis, and accumulated specifically at sites of cell-to-cell passage. The pep1 deletion mutant was defective penetration of the initial epidermal cell and in subsequent cell-to-cell spreading, and the mutant encountered extensive host resistance (28) . Bimolecular fluorescence complementation (BiFC) assays demonstrated direct interaction between Pep1 protein and the maize defense peroxidase POX12 in vivo. Pep1 appears to function in scavenging ROS and suppressing MAMP-triggered host immunity, thereby enabling penetration (50) . Another apoplastic virulence effector Pit2 inhibits cysteine proteases involved in defense responses (27, 89) .
Cmu1, a secreted chorismate mutase from U. maydis, is a cytoplasmic effector that is required for full virulence (25) . Cmu1 is, at present, unique among fungal and oomycete effectors in that it directly changes the metabolic status of host cells through metabolic priming (24) . Cmu1 was detected in the plant cytoplasm by TEM immunolocalizations, and the protein spread into neighbor cells when transiently expressed in maize (25) . Failure to observe the Cmu1 spreading from transformed guard cells supports a mechanism of cell-tocell movement through plasmodesmata because guard cells lack plasmodesmata (25) .
Powdery Mildews
Powdery mildew diseases are caused by haploid, filamentous, ascomycetous fungi (Order: Erysiphales) that grow on the plant surface while feeding via haustoria inserted into epidermal cells (55) . Exclusive colonization of epidermal cells by these fungi facilitates microscopy of pathogen development and plant responses in individual encounter sites. Genome sequences are available for the barley pathogen Blumeria graminis f.sp. hordei (Bgh), the pea pathogen Erysiphe pisi, and the Arabidopsis pathogen Golovinomyces orontii (Go) . Surprisingly, these genomes are more than four times larger than the median ascomycete genome, largely because of massive proliferation of retrotransposons (119) . However, the 5,854 curated genes reported for Bgh represent only half the genes found in typical ascomycete genomes. Many core ascomycete genes are missing, including primary metabolism genes involved in anaerobic fermentation and inorganic nitrogen assimilation. Genes encoding enzymes for plant cell wall degradation and for transporters are reduced. The Bgh genome contains only two genes associated with the biosynthesis of secondary metabolites, in contrast to abundant secondary metabolism genes in hemibiotrophic ascomycetes. This genome encodes relatively few typical effector candidates (only 248 small unique secreted proteins identified). Both previously identified AVR genes, AVRk1 and AVRa10, which encode atypical effector proteins without secretion signals, belong to the AVRk1 multigene family with >1,350 paralogs (109) . Some effectors in Bgh contain a Y/F/WxC amino acid motif (43) , but this motif has not been functionally characterized.
Conidia of powdery mildew fungi produce germ tubes that directly penetrate the plant cuticle and epidermal cell wall using nonmelanized appressoria (92) . Penetration hyphae that reach host epidermal cells differentiate haustoria composed of a globular central body with filamentous lobes that sometimes wrap around the central body. The powdery mildew EHMx is separated from the bulk apoplast by one or two neckbands, and the EHM is thicker and more highly convoluted compared with the host plasma membrane, especially in the neck region of maturing haustoria (82) . Extensive branches or coiled lobes protrude from the EHM into the EHMx (Figure 3b) (18, 83) .
The powdery mildew EHM appears highly specialized compositionally. Eight different fluorescently labeled plasma membrane proteins failed to label the EHM surrounding haustoria of the Arabidopsis pathogen Erysiphe cichoracearum (72) . Additional plasma membrane-resident proteins, including arabinogalactan proteins (AGPs) and non-AGP glycoproteins, were absent in the EHM surrounding Go haustoria in Arabidopsis (82). In the E. pisi-pea interaction, monoclonal antibodies have identified glycoproteins that are specific to the EHM as well as glycoproteins in common with the host plasma membrane (44) . One fluorescently labeled Arabidopsis protein, RPW8.2 (resistance to powdery mildew 8.2), is specifically localized to the EHM. The presence of RPW8.2 correlates with accumulation of hydrogen peroxide and with haustorial encasements, which are a layer of plant cell wall-like material secreted by host cells, perhaps to seal off and disarm the haustorium.
Biogenesis of the EHM and EHMx are important topics. Koh et al. (72) suggest two alternatives for EHM assembly. First, the EHM might be assembled by invagination of host plasma membrane together with some mechanism for excluding integral membrane proteins and for adding additional membrane elsewhere. Alternatively, the EHM might be assembled de novo by vesicle-targeted secretion directly to the EHM. The appearance of RPW8.2 as the haustorium matures supports the latter hypothesis. More recently, it has been reported that the host endoplasmic reticulum (ER) is in close contact with the EHM, which suggests that ER might supply membrane components to the EHM (82) .
Focal accumulation of proteins associated with preinvasion resistance has been demonstrated by live-cell imaging of fluorescent fusion proteins (55, 72) . Three Arabidopsis proteins associated with papilla formation and penetration resistance localize in rings surrounding developing appressoria. The PEN1 gene, named ROR2 in barley, encodes a t-SNARE (target SNAP receptor) that functions in a ternary complex that mediates the fusion of vesicles at target membranes. Pen1 protein is thought to be involved in delivering materials for papilla construction. The PEN2 gene encodes an unconventional myrosinase involved in biosynthesis of indole glucosinates. The Pen2 protein localizes to peroxisomes, which preferentially accumulate at sites of penetration. PEN3 encodes an ATP-binding cassette (ABC) transporter (Pdr8) involved in exporting small molecules, such as the toxic Pen2 metabolite to the apoplast. This research has identified pathogen-triggered plasma membrane microdomains and the dynamic movement of host penetration resistance components to the site of attempted penetration (7) . Neighboring cells surrounding the cell in direct contact with the pathogen also undergo cellular responses (123, 124) . In contrast to the powdery mildews, these Pen proteins were not essential for preinvasion resistance to the hemibiotrophic Colletotrichum spp. or M. oryzae (112) .
Analysis of the Bgh-barley interaction showed complex membrane-like structures and MVB within papillae and even showed GFP:Pen1 localized there (1-3) . Growing evidence also suggests that intact vesicles (exosomes) may be secreted into the interfacial zone. MVBs, intravacuolar vesicle aggregates, and paramural bodies (located between the fungal plasma membrane and cell wall) proliferate in the host cells upon attack. This suggested that enhanced vesicle trafficking and MVB-mediated secretion of exosome-like vesicles were involved in building up cell wall appositions and haustorial encasements (1) (2) (3) . Recent analysis of Go-Arabidopsis interactions suggested exosome-mediated secretion in the pathogen as well (82) . Imaging of haustorial complexes by TEM using HPF-FS showed MVBs fusing with fungal plasma membrane as well as paramural vesicles. Intact vesicles where also observed in the EHMx. Perhaps the known powdery mildew effectors are secreted in exosomes because so far they lack signal peptides for classical secretion. This finding for a plant-pathogenic fungus is consistent with documented secretion of exosomes by fungal pathogens of animals (29, 108) .
Rusts
Rust diseases are caused by filamentous, basidiomycete fungi (Order: Pucciniales) (31) . The dikaryotic forms of various rust fungi invade host tissues through stomata and produce substomatal vesicles, intercellular hyphae, and haustorial mother cells in the extracellular spaces. Haustorial mother cells resemble appressoria in that they attach to the host cell and produce penetration hyphae with a cell wall that is continuous with an inner layer of the mother cell wall (19, 133) . The penetration hypha differentiates into the haustorium. The rust EHM is generally smooth with complex tubular elements, often beaded in shape, protruding into the host cytoplasm (Figure 3c, f ) (86) . A neckband has been observed as an electrondense band in the cell wall of the haustorial neck (19) . The EHM and EHMx, including electron-dense deposits, of the rust fungus Puccinia hemerocallidis lacked labeling by WGA for chitin (86) . Biotrophic hyphal cell walls have been differentiated from hyphal walls in other developmental stages, likely for purposes of avoiding host immune responses. For example, Puccinia graminis f.sp. tritici and Uromyces fabae (the cause of broad bean rust) displayed conversion of surface-exposed chitin to chitosan in hyphal walls inside the host plants (33) . The haustorial wall of the flax rust Melampsora lini was also exclusively labeled by anticalmodulin antibodies compared with other hyphal types (90) .
A chromatographic method for purification of haustoria, based on ConA-binding oligosaccharides in the haustorial wall, allowed a breakthrough in identifying in planta-induced genes (PIGs) from a haustorium-specific cDNA library (46, 133) . Some PIGs encode transporters for uptake of amino acids and sugars, establishing the predicted role of haustoria in nutrition for the pathogen. Rust transferred protein 1 (RTP1p) in U. fabae was the first effector observed inside host cells using light microscopy and immunofluorescence techniques (64, 65) . RTP1p has recently been shown to belong to a family of cysteine protease inhibitors that is conserved in the order Pucciniales (101), with three and seven homologs identified in the poplar and wheat rust genomes, respectively (31) .
The flax rust system has been prominent since Harold Flor proposed the gene-for-gene hypothesis using this system (36) . M. lini forms spheroid or lobed haustoria that develop from dikaryotic urediniospores (73) . Although the genome sequence is not yet available for M. lini, sequences are available for related rust species, including the poplar leaf rust fungus
IA: interaction apparatus
Tonoplast: the vacuolar membrane in a plant cell Melampsora larici-populina (101 Mb) and the wheat and barley stem rust fungus P. graminis f.sp. tritici (89 Mb) (31) . Cloning and characterization of multiple avirulence (AVR) gene and resistance (R) gene pairs has demonstrated that gene-for-gene specificity in this system is based on direct interactions between the corresponding AVR and R gene products (16, 17, 26, 34, 73, 106) . Similar to oomycete Phytophthora systems, it has been reported that the flax rust effectors were translocated into host cells independent of pathogen machinery. However, these effectors do not contain a conserved motif, and even an identified RXLR-like motif did not function as an entry signal (16, 106) . Flax rust effector functions are unknown (16, 38) .
Sooty Blotch
The ascomycete fungus causing sooty blotch disease presents a remarkable example of a biotrophic interface with host cytoplasm without the pathogen actually crossing the plant cell wall (113, 115, 116) . Cymadothea trifolii is an obligate biotrophic leaf pathogen of clover (Trifolium). As visualized by TEM using HPF-FS, the fungus grows intercellularly and forms a specialized interaction apparatus (IA) embedded within its own hypha (113) . Opposite the IA, the plant cell contains a bubble surrounded by an invaginated plant plasma membrane, and the IA and host bubble are connected by a tube that crosses the plant cell wall (Figure 3e) . The tube is bounded by an electron dense sheath and contains a fungal cell wall in direct contact with a plant cell wall. The IA is an apoplastic compartment because the hyphal membrane around the IA is continuous with the hyphal plasma membrane, and the IA contains fungal cell wall components detected by TEM and immunocytochemistry with antibodies to chitin and β-1,3-glucans (114). TEM immunolocalization experiments detected the plant cell wall components cellulose and xyloglucan within the tube, but pectic polysaccharides were missing, which is consistent with the detection of secreted fungal polygalacturonase in the IA (114) . This represents an interesting example of localized plant cell wall modification by a fungus. The IA eventually degenerates, and the host bubble becomes encased by a wall apposition and collapses, but no sign of a host defense response, such as hypersensitive response, occurs over time (113, 114) .
The IA-host bubble interface from sooty blotch resembles interaction structures, such as the IA and the interaction ring, found in Exobasidium smut systems (4, 84, 113) . It has been suggested that the IA plays a role in nutrient transfer from the host and that material in the host bubble is analogous to EHMx. The tube would be analogous to the haustorial neck. The diameter of the tube (0.3-0.4 micrometers) falls into the range of diameters of haustorial necks and of penetration pegs produced by Colletotrichum spp. and M. oryzae (113) .
Downy Mildews
Obligate biotrophy in the oomycete H. arabidopsidis, a downy mildew pathogen of Arabidopsis, is consistent with dramatic gene reductions in its ∼78 Mb genome, as compared with hemibiotrophic Phytophthora species (5). This genome shows reductions in genes that encode secreted pathogenicity proteins, including RXLR effectors, as well as in genes that encode enzymes for assimilation of inorganic nitrogen and sulfur. The downy mildew EHMx appears highly specialized with rounded or finger-like protrusions of various sizes, but the EHM resembles a typical plasma membrane (Figure 3d ) (18) .
Live-cell confocal imaging using fluorescently labeled Arabidopsis plants has recently defined host cellular rearrangements and pathogen effector localization patterns at downy mildew encounter sites (15) . In host cells with haustoria, the plant cell nucleus remains near the developing haustorium, and the ER and golgi tightly surround the haustorium. Particularly, the GFP-labeled tonoplast marker (γ-TIP-GFP) strongly labeled membranes around the EHM. These studies also highlighted distinctive bulbs that are projections of cytoplasm with double membranes in infected PPA: prepenetration apparatus Hyphopodium: a specialized swollen cell that develops from a hypha and generally functions in penetrating roots PAM: periarbuscular membrane cells (15) . In Arabidopsis cells infected by H. arabidopsidis, RPW8.2-YFP (identified as a powdery mildew resistance protein) was excluded from EHM. This fusion protein was localized to vesicle-like bodies that surround haustoria and was later detected in haustorial encasements, as seen for powdery mildew pathogens (15) .
The H. arabidopsidis genome contains 134 candidate effector genes (HaRxL genes), including the known effectors ATR1 and ATR13 (5). Agrobacterium-mediated transient expression in tobacco was used to localize 49 HaRxL proteins as a step toward identifying their mode of action. One-third of them are localized to the host cytoplasm and nucleus, one-third are localized exclusively to the host nucleus, and 21% of these, including ATR13, are localized to the nucleolus, a first for filamentous phytopathogens. Only six nuclearlocalized proteins carried canonical nuclear localization signals (15) . Effectors that target the host nucleus may be involved in reprogramming host transcription in association with host components (15) . Most remaining HaRxL proteins targeted host membranes, with nine localizing to the ER and three to the plasma membrane. One protein, HaRxL17, was evenly distributed at the tonoplast in uninfected cells, but it accumulated in the region around haustoria after infection (15) . Colocalization studies of GFP:HaRxL17 and P. infestans RFP:AVRblb2 in tobacco cells showed the peak of HaRxL17 fluorescence just outside the peak of AVRblb2 fluorescence at the EHM, suggesting HaRxL17 resided in a reorganized tonoplast near the EHM (12) . This implicates the tonoplast as a player at the haustorial interface.
SYMBIOTIC FUNGI
A striking example of preparing host cells before infection occurs when arbuscular mycorrhizal (AM) fungi traverse outer root cells to form arbuscules in the inner root cortex (9, 40) . AM fungi are glomeromycetes, and they form symbiotic associations with root cells of a broad range of plants. Cellular alterations that result in the assembly of a prepenetration apparatus (PPA) have been detailed through the use of fluorescent fusion proteins and confocal microscopy of the AM fungi Gigaspora gigantea and Gigaspora rosea colonizing Medicago truncatula and Daucus carota (carrot) root cells (Figure 1c ) (39) (40) (41) . Specifically, fungal hyphopodia on the root surface stimulate epidermal cells to form PPAs that define the route the fungus travels through the cell. First, the host nucleus migrates beneath the hyphopodium and becomes surrounded by a dense cytoplasmic assemblage rich in ER, microtubules, and actin microfilaments. Abundant golgi and exocytotic vesicles surrounding the growing hypha in the PPA signal a role in extending the perifungal membrane from the host plasma membrane (41) . The same process occurs for each root cell crossed by the fungus. Indeed, in the carrot inner cortex-AM (G. gigantea) interactions, aligned and polarized PPAs were observed four to five cells ahead of the advancing hyphae (39, 40, 47, 97) . When reaching inner cortex cells, the fungus differentiates highly branched arbuscules (Figure 1d ) that are surrounded by a periarbuscular membrane (PAM). The PAM is composed of a short neck region that shares features with the host plasma membrane and lacks a neckband. The extensive PAM region covering the arbuscule branches contains unique proteins, including phosphate transporters that are key to the symbiosis (47) . Arbuscule branches are closely associated with the host nucleus, ER, and cytoskeleton and are the focus of active secretion.
The long-distance host cell coordination associated with PPA formation indicates involvement of diffusible signals or cell-to-cell communication (39) . Key chemical signals are known. The plant produces strigolactones that initiate the interaction, and the fungus produces lipochitooligosaccharide Myc factors that induce the common symbiosis signaling pathway that is shared by symbiotic Rhizobium spp. and fungi (9, 47 ). An AM symbiosis-specific signal molecule, lyso-phosphatidylcholine (LPC), induces expression of plant phosphate transporter genes during late AM development (30) .
Recent groundbreaking studies have identified protein effectors from symbiotic fungi (68, 100) . The secreted effector protein SP7 from the AM fungus Glomus intradices contains a functional NLS signal and is localized to host nuclei when stably expressed in M. truncatula cells. SP7 protein interacts with host protein MtERF19 in nuclei, as confirmed by BiFC analysis (68) . MtERF19 is a pathogenesis-related transcription factor induced by MAMP perception. Both constitutive expression of SP7 and inactivation of MtERF19 enhanced mycorrhizal colonization, suggesting that SP7 functions in suppression of ERF19-mediated host immune responses. A second example comes from studies of the basidiomycete ectomycorrhizal fungus Laccaria bicolor, which associates with roots of poplar trees and with a wide range of dicotyledonous and monocotyledonous plants. Effector MiSSP7 was shown to accumulate in host nuclei after entry into plant cells. Cell entry appeared to be mediated by an RxLR-like motif (100). MiSSP7 is suggested to play a role in reprogramming the host transcriptome, which could alter root architecture and manipulate plant immunity, and, in turn, contribute to fungal colonization, including Hartig net formation (100). Genome sequencing suggests that mutualistic fungi rely on abundant effectors in planta, similar to pathogenic fungi (78, 126, 140) .
OVERVIEW OF THE CELL BIOLOGY OF THE INTERFACE
Live-cell imaging with fluorescent fusion proteins and improved techniques in electron microscopy are providing an increasingly dynamic view of the biotrophic interface. Subcellular localization of individual pathogen and host components can now be tracked in real time in diverse pathosystems. The interface between a developing appressorium and the plant cuticle is emerging as a critical communication front. Taken together, the biology of the wall-less appressorium pore, the precise timing of expression of candidate effector genes before and during penetration, and the focal secretion of protein effectors at appressorium pores all suggest that the pathogen uses effectors to prepare the host before entry. Thus, appressoria appear to play roles in effector-mediated control of plant tissues as well as in adhering to and penetrating plant surfaces. Accumulation of fluorescent effectors in BICs or interfacial bodies also suggests that filamentous pathogens target effector secretion to specific locations. At least one fungus has evolved a novel secretion pathway for cytoplasmic effectors while using the conventional secretion pathway for apoplastic effectors. MVB and secretion of intact vesicles (exosomes) may play a role in building the interface from both the host and pathogen side. Once inside host cells, effectors localize to diverse subcellular compartments and highlight remodeling of host membranes and other cellular components in cells containing biotrophic hyphae. Cell-to-cell movement of effectors defines plasmodesmata as a new biotrophic interface for communication between filamentous eukaryotes and plants.
TEM using HPF-FS has provided superior preservation of membranes at host-pathogen interfaces. Correlative light and electron microscopy facilitate ultrastructural analysis of novel features that are defined using live-cell imaging (131) . Along with future advancements in microscopy, old techniques still matter. Plasmolysis remains a critical tool to assess membrane integrity and to better differentiate localization in apoplastic and cytoplasmic compartments (Figure 1e, f ) (28, 66, 67, 80 ). An extensive tool kit of monoclonal antibodies that recognize pathogen and plant cell wall polysaccharides are facilitating use of immunolocalization techniques for defining structural components at the biotrophic interface (65, 98, 114) . A few functions for fungal and oomycete effectors are known, but we still have a long way to go. At present, effectoromics (high-throughput functional analysis of effectors) approaches are being conducted by applying recent advances in molecular biology, genomics, and bioinformatics (15, 67, 93, 110, 132, 139) .
